Sodium chloride, at a concentration of 88 mol m −$ in half strength Hoagland nutrient solution, increased dry weight per unit area of Xanthium strumarium L. leaves by 19 %, and chlorophyll by 45 % compared to plants grown without added NaCl at ambient (350 µmol mol −" ) CO # concentration. Photosynthesis, per unit leaf area, was almost unaffected. Even so, over a 4-week period, growth (dry weight increment) was reduced in the salt treatment by 50 %. This could be ascribed to a large reduction in leaf area ( 60 %) and to an approx. 20 % increase in the rate of dark respiration (Rd). 
INTRODUCTION
The carbon dioxide concentration ([CO # ]) in the atmosphere has risen in the last hundred years from 270 to 350 µmol mol − " and is projected to exceed 700 µmol mol − " by the year 2100 (Keeling et al., 1976 ; Gribbin, 1981 ; Watson et al., 1990) . Much attention has been given to the effect of such high [CO # ] on photosynthesis, but only recently have there been reports of effects on dark respiration (Rd ). Moreover, there is some confusion as to short-and long-term responses of respiration to elevated ambient [CO # ] (Amthor, 1991) . In short term experiments ambient [CO # ] two to three times that at present (700-1000 µmol mol − ") has been found to suppress the rate of Rd by 20-45 % (Gale, 1982 ; Gifford, Lambers and Morison, 1985 ; Reuveni and Gale, 1985 ; Bunce and Caulfield, 1991 ; Amthor, Koch and Bloom, 1992 ; Ziska and Teramura, 1992) . This is in contrast to long term exposure to high [CO # ], when Rd usually (McCree, † For correspondence.
1974 ; Amthor, 1989) but not always (Gifford et al., 1985 ; Leadly and Drake, 1993) increases in proportion to the elevated rate of photosynthesis. In some plants, under non-stress conditions, suppression of dark period Rd not only has no apparent deleterious effect on growth (dry mass accumulation), but is sometimes accompanied by an increase in growth, approximately equivalent to the carbon conserved (Reuveni and Gale, 1985 ; Reuveni, Gale and Mayer, 1993 ; Bunce, 1995) . Moreover, Heichel (1971) , Wilson (1982) , Wilson and Jones (1982) and Barniex et al. (1988) have reported that the growth rates of different varieties of some plant species were negatively correlated to their rates of respiration. These findings suggest that under non-stress conditions, part of Rd is otiose (Reuveni et al., 1993) . Under stress conditions Rd may increase in response to the requirements of adaptive processes (Schwarz and Gale, 1981) . Consequently, suppression of Rd under stress conditions may be damaging ; such was the case for heat stress in Xanthium strumarium (Gale, 1982) .
When plants are exposed to a salinity stress that reduces given throughout the day, has been reported to increase plant tolerance of salinity (Schwarz and Gale, 1984 ; Zeroni and Gale, 1989) . This may be attributed to the increased internal leaf [CO # ], which permits high rates of carbon assimilation even with the partial stomatal closure induced by salt (Gale, 1975 ; Munns, 1993) ; it could more than compensate for any damaging effect of high [CO # ] at night, which may result from partial Rd suppression.
The purpose of the present study was to differentiate day from night effects of elevated ambient [CO # ] on gas exchange and growth of plants exposed to salinity stress. This could contribute to our understanding of, and ability to predict, the consequences of increasing world atmospheric [CO # ].
MATERIALS AND METHODS
Experiments were conducted with 3-4 week old Xanthium strumarium L. plants. After germination in vermiculite, 8-9 d old seedlings were transferred to aerated half-strength Hoagland solution, with nitrate (pH 5n8, osmotic potential k0n06 MPa) ; four plants were set out per 5 l container. Beginning 4 d after transfer, 22 mol m − $ NaCl was added every 2 d to half the containers, until a final concentration of 88 mol m − $ NaCl was attained (for a total osmotic potential of k0n46 MPa). Nutrient solutions were replaced every 6-7 d. The plants were grown in two growth chambers (Conviron Co. model E-15), under a short-day regime of 16 h dark and 8 h light (400 µmol m − # s − " photosynthetic photon flux-PPF) measured with a quantum probe (LAMBDA Inst. Co., Nebraska, USA, model LI-185A). Day and night periods were reversed to facilitate measurements of dark respiration during ' normal ' daytime. Air temperature was 19 mC at night and 25 mC in the daytime (p0n5 mC), with a 1 h ramp period at each change. Relative humidity was 50p5 % in the light and 70p5 % in the dark periods. Day and night ambient [CO # ] in the chambers was controlled with infra-red gas analysers (IRGA) (Horiba Co) to p50 µmol mol − ". In experiments in which high [CO # ] was given at night, CO # supplementation was discontinued 1 h before the lights were turned on. This prevented carry-over of high ambient [CO # ] to the light period. In the long term (weeks) growth experiments, the high and low night [CO # ] conditions were switched between chambers, for different replications of the experiments. This was done to avoid possible differences between the growth chambers.
Leaf gas exchange measurements
The CO # assimilation (A), dark respiration (Rd) and water loss of mature X. strumarium leaves, were measured with an ADC, LCA-2, gas exchange unit. Leaf temperature was measured (not calculated) by the addition of a thermocouple, which pressed on the abaxial leaf surface. Gas flow through the leaf chamber was at a rate of 8 ml s − " and relative humidity was 50p10 %, at a leaf temperature of about 25 mC. Air at the required [CO # ] was obtained from a gas mixing pump (Wosthoff Gmbh, Germany, model 2G-18-2F) by mixing CO # free air with air containing 1 % CO # . Rate of A and [CO # ] inside the leaf, Ci, were calculated according to von Caemmerer and Farquhar (1981) . Microscopic examination did not reveal any stomatal aperture patchiness, which could have invalidated these calculations (Terashima, 1992) . While A\ Ci curves were being obtained, PPF was held at 600 µmol m − # s − ".
Whole plant gas exchange
Rd and A of whole plants (roots and tops) were measured as net CO # exchange, with an IRGA (ADC, Hoddesdon, UK -model 225 Mk3). The system was similar to that described by Schwarz and Gale (1981) , Reuveni and Gale (1985) and Smernoff et al. (1993) and contained four, computer controlled, mini-chambers. The chambers could be set to give day\night ambient [CO # ], light intensities and periods, temperature and humidity, as in the Conviron growth chambers where the plants had been grown previously. Each chamber contained one plant. Plants in two of the chambers were grown with roots in 500 ml of aerated, half-strength Hoagland solution ; in the other two, plants were grown in half-strength Hoagland j88 mol m − $ NaCl. These solutions were the same composition in which the plants had been previously grown. Each experiment lasted 4 d. Rates of net-photosynthesis and respiration were calculated for the entire plants (rootsjtops) and instantaneous dry weights, rates of photosynthesis per unit dry weight and time integrated rates (µmol CO # g d.wt − " s − ", or d − ") were derived as described by Smernoff et al. (1993) .
In short term measurements of the effect of [CO # ] on Rd, plants were first exposed to each new CO # concentration for at least 1 h in the mini-chambers, before the rate of Rd was determined.
Protein and chlorophyll content and growth
Leaf protein was assayed according to Bradford (1976) , and chlorophyll content, dry mass per unit leaf area and total leaf area per plant, by standard procedures.
RESULTS
Initial tests with X. strumarium, grown at 350 µmol mol − " [CO # ], without added salt, confirmed that short term exposure (min) to high ambient [CO # ] suppresses Rd (Fig.  1) . Between 0 and 1900 µmol mol − " [CO # ] (measured in random order) there was a steady decline in Rd (r# l 0n961). At 1000 µmol mol − " [CO # ] the rate of Rd was 80 % of that in CO # free air and 55 % at 1900 µmol mol − ". We have previously reported that NaCl increases the rate of Rd in X. strumarium (Schwarz and Gale, 1981) .
Pooled data from replicated long-term experiments showed that the rate of Rd was 20-30 % higher (P 0n01) in plants grown with added salt. An example is shown in ] and Salinity There was, however, a two third reduction in leaf area (Table 1) . Photosynthesis per unit leaf area (Fig. 3) was almost unaffected by salinity. The slightly lower Ci to ambient CO # ratio in the leaves of the salinized plants was calculated from their smaller stomatal diffusion conductance.
A summary of the respiration and photosynthesis data collated from 5 d measurements of whole plants, previously grown for periods of weeks with or without added NaCl, and exposed to either high or low [CO # ] at night, is given in Table 2 . Data have been pooled from a number of experiments similar to that shown in Fig. 2 . As can be seen from Table 1 . Numbers are whole plant dry weights at the end of 4 weeks growth. Initial dry weights 0n08 g. * Statistical probability calculated using ANOVA ; n.s., not significant. The difference between numbers marked with different superscripts is significant (P 0n05).
had no significant effect on the dry weight increment of nonsalinized plants which were exposed during the daytime to 350 µmol mol − " [CO # ] (Table 3) . However, in salinized plants exposed at night to 900 s. 350 µmol mol − " [CO # ], growth was reduced by 9 % (P 0n05) and in those exposed at night to 1700 µmol mol − ", by 14% (P 0n01). There was no consistent difference between the effect of ambient [CO # ] at night, on growth of roots or tops (data not shown).
Data on growth of X. strumarium exposed to 900 µmol mol − " [CO # ] in daylight and 350 or 900 µmol mol − " at night, for control and salinized plants are presented in Table 4 
DISCUSSION
Earlier reviews of the effect of salinity on plant growth (cf. Gale, 1975) placed much importance on the reduction of photosynthesis per unit leaf area, A, as indeed is often the case (e.g. Gale, Kohl and Hagan, 1967 ; Plaut, Grieve and Maas, 1990; Meinzer, Plaut and Saliendra, 1994) . However, as reported for a number of species, the reduction in leaf area often precedes the reduction of the rate of photosynthesis per unit leaf area (Munns et al., 1982 ; Dunn and Neales, 1993 ; Munns, 1993 ; Rogers et al., 1993) . The effect of salt on X. strumarium, as found here for plants grown at present (350 µmol mol − ") ambient [CO # ], appears to be an extreme example of such a salinity induced reduction of growth, without any effect of salt on A. As shown in Figs 2 and 3, A was almost unaffected by the 88 mol m − $ NaCl in which the plants were grown. Similarly there was almost no difference between the A\PPF curves of control and salinized plants (data not shown), despite the very large increase in chlorophyll ( 45%; P 0n01) and dry weight (j19%; P 0n05) per unit leaf area in the salinized plants (Table 1) . Although assimilation per unit plant dry mass (Fig. 2) or per unit leaf area (Fig. 3) was about the same in control and salinized plants, growth over 4 weeks (at 350 µmol mol − " [CO # ]) was reduced by 50 % (Table 3) . This was mainly ascribed to the 67 % reduction in leaf area (Table 1) . (Table 3) . This contrasts to a conservation of carbon (from reduced Rd) leading to increased dry weight growth, reported for some species exposed to high [CO # ] at night (Reuveni and Gale, 1985 ; Reuveni et al., 1993 ; Bunce, 1995 (Fig. 1) . (As noted above, although the results shown in Fig. 1 Schwarz and Gale (1984) , Zeroni and Gale (1989) , Nicholas et al., (1993) and Lenssen et al., (1995 Fig. 2 ).
As noted above, under current ambient [CO # ], NaCl at the concentration used here, reduced growth of X. strumarium by about 50 %. This was mainly a result of the smaller leaf area, but was also caused by the increased, carbon-dissipating Rd in salt treated plants (Fig 2. and Table 3 ). Under these conditions, the further reduction of growth by high ambient [CO # ] at night may have been the result of the partial suppression of the functional increase in Rd. This is associated with processes of adaptation to salinity stress, which demand increased supplies of energy and intermediate metabolites.
CONCLUSIONS
The higher rate of dark respiration reported for plants exposed to salinity and found here, appear to include both functional (stress adaptation related) and otiose fractions. Under the higher atmospheric [CO # ] predicted for the coming century (which will of course prevail in both the day and night periods) it appears that there will be an increase in tolerance of plants to salt stress. This will be expressed most strongly in those situations where there is a potential for high photosynthesis (adequate light, water and nutrient minerals). The increased tolerance will result mainly from the higher rates of daytime photosynthesis but also from a reduction of any otiose fraction of respiration, operating at night. It should be noted however, that the present results were obtained with a single plant species, exposed to just one concentration of one salt. Moreover, in order to accentuate possible salt and [CO # ] interactions, we used high ambient CO # concentrations, as projected for many decades from now.
